Abstract Targeting dynamic spatially-extended phenomena in the upper solar atmosphere, a new instrument concept has been developed and tested at the Dunn Solar Telescope in New Mexico, USA, that provides wide-field, rapidscanning, high-resolution imaging spectroscopy of the neutral helium λ10830 spectral triplet. The instrument combines a narrowband imaging channel with a novel, co-spatial, 17 parallel-long-slit, grating-based spectrograph that are simultaneously imaged on a single HgCdTe detector. Over a 170 × 120 field of view, a temporal cadence of 8.5 seconds is achieved between successive maps that critically sample the diffraction limit of the Dunn Solar Telescope at 1083 nm (1.22λ/D = 0.36 ) and provide a resolving power (R = λ/δλ) up to ∼ 40000 with a 1 nm bandwidth (i.e., 275 km sec −1 Doppler coverage). Capitalizing on the strict simultaneity of the narrowband channel relative to each spectral image (acquired at a rate of 10 Hz), this work demonstrates that sub-field image motion introduced by atmospheric seeing may be compensated in each mapped spectral data cube. This instrument furnishes essential infrared spectral imaging capabilities for current investigations while pioneering techniques for high-resolution, wide-field, time-domain solar astronomy.
Introduction
Solar astronomy relies on multi-dimensional spectroscopic techniques (see, e.g., Bershady, 2009) to remote sense the dynamic, interconnected, thermal and magnetic scales of the solar atmosphere. In comparison to many night-time applications, science objectives require greater resolution and near-simultaneous coverage of spatial, spectral, and temporal domains (see, e.g., Socas-Navarro, 2010). The immense solar intensity permits relatively denser observational sampling, but challenges remain, including optimizing sampling and domain coverage, resolving solar evolutionary time scales, achieving high image quality in the presence of atmospheric seeing, and reaching the extreme signal-to-noise demands of polarimetric measurements (Lagg et al., 2015) . Additionally, the stratified nature of the solar atmosphere necessitates multi-wavelength observations of multi-thermal diagnostics. These disparate demands and technological limitations naturally spur trades in instrument design. Currently limited is support for high-resolution imaging spectroscopy of important near-infrared (NIR) spectral diagnostics, e.g., He I λ10830 and Fe I λ15648, despite scientific advantages (see, e.g., Penn, 2014) . Instead the majority of solar imaging spectrographs are Fabry-Pérot, i.e., etalon, based, fast-tuning spectral imagers operating at visible wavelengths (von der Lühe and Kentischer, 2000; Cavallini, 2006; Reardon and Cavallini, 2008; Scharmer et al., 2008) . While some disadvantages exist, a strength of etalon based systems is that rapidly acquired image stacks can be used to boost image quality via post-facto corrective techniques such as destretching, 2 speckle interferometry (Wöger, von der Lühe, and , and blind deconvolution (van Noort, Rouppe van der Voort, and Löfdahl, 2005) . Unfortunately, the development of NIR etalon-based spectrographs has trailed their visible counterparts, in part due to the later availability of fast readout large-format NIR detectors and the adaptation of commercial etalons (Cao et al., 2004) . The Near-InfraRed Imaging Spectropolarimeter (NIRIS) instrument (Cao et al., 2006 (Cao et al., , 2012 at the Big Bear Solar Observatory is the first to extend Fabry-Pérot technology to NIR wavelengths and has demonstrated observations of the Fe I λ15648 photospheric spectral line. No other comparable NIR imaging spectrographs are currently known.
Motivated by the study of chromospheric and cool coronal dynamics, the current work pursues slit-based alternatives for NIR imaging spectroscopy, in particular to target the He I λ10830 triplet, which is an important spectral line formed in the upper solar atmosphere and is especially useful as a polarized diagnostic of chromospheric magnetic fields (see, e.g., Harvey and Hall, 1971; Schad et al., 2016; Leenaarts et al., 2016) . While long-slit grating-based spectrographs excel at high precision spectral measurements, temporal resolution and image quality typically suffer due to the time required to map an image and the role of atmospheric seeing. However, two techniques, when used in 1 For a recent review of current and planned solar instrumentation, see Kleint and Gandorfer (2015) . 2 Destretching refers to a range of methods that enforce smooth variation of the spatial content image relative to a reference image by doing sub-field local correlation and interpolation.
tandem, may alleviate these limitations. First, spatially multiplexed gratingbased spectrographs, which greatly reduce image mapping time, are fairly simple to implement with the use of parallel long-slits and narrowband filtering. In solar astronomy, multi-slit methods were pioneered by Martin et al. (1974) and further developed by Srivastava and Mathew (1999) and Jaeggli et al. (2010) . More recently, Lin (2014) introduced the highly efficient Massively Multiplexed Spectroheliograph (mxSPEC) concept targeting synoptic full-disk solar applications. Second, methods capable of improving the image quality of slit-based instruments do exist, though not often used. Johanneson et al. (1992) minimized seeing-induced distortions of single-slit scanned maps by applying, to the spectra, destretch parameters calculated from co-registered high rate context images. More powerful speckle deconvolution methods for slit-scanned spectrograms were later introduced by Keller and Johannesson (1995) and show significant promise. Spatially multiplexed spectroscopy, when combined with post-facto image correction, may empower slit-based imaging spectroscopy to achieve performance similar to Fabry-Pérot (FP) approaches while yielding some advantages, as discussed below.
Here, we advance the massively multiplexed technique of Lin (2014) for the application of high-resolution He I λ10830 imaging spectroscopy of the chromosphere and cool corona. We evolve Lin's mxSPEC design to achieve higher spatial, spectral, and temporal resolution, while using an advanced adaptive optics system and a post-facto correction similar to Johanneson et al. (1992) to boost image quality of the mapped spectrograms. Below we describe the instrument setup, calibration methods, the seeing distortion correction, and results for scientific targets and then discuss the advantages of these techniques.
Methods

Optical layout
The multi-slit imaging spectrograph has been designed to fit within the envelope of a 91×305 cm optical bench permanently installed on port No. 4 of the rotating platform inside the 76 cm aperture Dunn Solar Telescope (DST: Dunn, 1964; Dunn and Smartt, 1991) . Figure 1 shows the optical layout and a top-view photo of the installed instrument without its coverings. Ahead of the instrument are the High Order Adaptive Optics (HOAO) system (Rimmele et al., 2004) and a dichroic beam splitter that reflects visible light to the Interferometric BiDimensional Spectrometer (IBIS: Cavallini, 2006; Reardon and Cavallini, 2008) , which is a FP based visible imaging spectrograph. The horizontally-oriented beam provided to the multi-slit spectrograph is collimated with an angular magnification of 35 (i.e., ∅21.66 mm exit pupil).
As this is a prototype instrument, it is built from existing optomechanical components available at the DST. The design goals were to maximize field coverage (limited by the telescope port's 195 square field stop), critically sample the diffraction limit at He I λ10830 (1.22λ/D = 0.36 ), and provide a minimum spectral resolving power (R = λ/δλ) of ∼ 30000, consistent with sampling schemes used by previous high-resolution studies of chromospheric/coronal dynamics (see, e.g., Vissers and Rouppe van der Voort, 2012). The spectral bandpass is constrained by the availability of a high transmission 1.3 nm -25 dB bandwidth bandpass isolation filter centered at the Si I λ10827 spectral line, which, while not optimal, provides adequate coverage of the He I λ10830 triplet.
In order to implement post-facto seeing correction similar to Johanneson et al. (1992) , the instrument is comprised of two channels: a narrowband imaging channel and a multi-slit spectral channel, both of which are directed towards and imaged on separate halves of a 2048 x 2048 Raytheon Virgo HgCdTe focal plane array (pixel pitch is 20 µm). This ensures the spectral and narrowband images are precisely cotemporal. The detector is housed in a liquid nitrogen chilled dewar build by the University of Hawai'i. As shown in the schematic (Fig. 1) , collimated light exiting the upstream dichroic beam splitter is transferred by two flat mirrors (M1 and M2) and directed through an order-sorting filter (F1) and the narrow 1.3 nm bandpass isolation filter (F2) before an intermediary telescope pupil is focused onto an actuator controlled field steering mirror (FSM). After a fourth reflection (M3), the beam is split by an Oriel anti-reflection coated wedge, wherein approximately 1% of the light is directed towards the imaging channel (green in figure) , and the rest towards the grating-based multi-slit spectrograph.
Collimated light entering the spectrograph channel is focused by a 400 mm focal length (FL) doublet onto a mask with 49 parallel long slits. Each slit has a width of 12.5 µm and is separated by 750 µm, as in Lin (2014) . The measured image scale at the slit is 14.7 mm −1 ; thus, each slit samples 0.187 of the solar (M4) is placed between the grating and L3, while a small triangular mirror (M5) is placed between L3 and the detector. The spectrograph is operated in first order, with an incident angle of 28.3
• . Slitinduced diffraction ensures a sufficient illumination width (∼ 72mm) to provide resolving power above the limit imposed by sampling and the convolution of the slit image. The 2:1 reimaging optics and anamorphic magnification (1.56) result in an exit slit separation of 2.34 mm (∼ 117 pixels) and a spectral dispersion of 120.117 mÅ pixel −1 , thus achieving a maximum bandwidth between slits of 1.4 nm. The final calculated resolving power is 41000. 17 illuminated slits, with a total angular separation on sky of 180 , fit on the detector. Spatial sampling along the slits is 0.15 pixel −1 , meaning 153 can be placed within the bottom half of the Virgo 2K detector.
The imaging channel, operating on the wedge's collimated reflected light, is first focused by a 400 mm FL doublet (CL1). A field stop is placed at the focus to occult a laterally displaced ghost image created by the wedge. Ahead of the focus is a fold mirror (C1) and an 0.15 optical density neutral density filter used to prevent detector saturation. To place the context image on the top half of the detector, the height of the optical path must be raised by half of the FPA physical height. To accomplish this without large beam conflicts, we demagnify the pupil image using a 200 mm FL doublet, which results in a 10.833 mm pupil image. Two closely spaced fold mirrors are then used in an elevating configuration (EMP: 'elevating mirror pair') to achieve the 20.48 mm beam lift. Following the EMP, a 1:1 relay optical system consisting of twin 120 mm FL doublets (CL3 and CL4) and two fold mirrors (C2 and C3) is used to deviate the beam direction and transfer the pupil telecentrically. Finally, the beam passes through a 490 mm FL doublet, is folded by a mirror (C4), passes over the small M5 mirror, and comes to a focus on the top half of the FPA. M5 vignettes approximately 15 percent of the bottom portion of the context image.
An example focal plane image with dark and flat field calibrations applied is displayed in Figure 2 . The top portion of the image contains the narrowband context image while the bottom half captures the 17 slit spectral images. The context image edges have been removed as flat-fielding errors are introduced by time variable translational image stroke at wide field angles caused by the deformable mirror of the HOAO system. Within the slit spectral images, the most prominent spectral feature is the dark Si I λ10827 photospheric line with the He I triplet and a H 2 0 telluric line at λ10832 immediately redward (to the right in image). A summary of the instrument properties is given in Table 1 .
System control and operation
To map the solar surface, the FSM scans the solar image across the slits in coordination with image acquisition. For control, script-based software written in the Interactive Data Language (IDL R ) 3 interfaces to C libraries communicating with the detector control electronics and a Newport ESP 300 driving the FSM linear actuators. During one scan, the detector records 65 exposures at its fastest frame rate (9.53 Hz, i.e., 105 ms integration time), with one exposure used for each FSM step, which has an angular size equal to the projected slit width. The FSM is commanded to move at the beginning of each new frame, and its move time is a small fraction of total integration time. Five extra steps ensure full field coverage and some overlap for adjacent slits. An advantage of placing the FSM ahead of both the spectral and imaging channels is that the image scanning step size is self-calibrated by the translated narrowband image on the detector. It also allows better removal of bad pixels in the context image stack via interpolation. At the end of each scan, the FSM returns to its starting position while the acquired data block (520 MB) is swapped to a new memory address for FITS 4 file creation and archiving via a parallel IDL process. The total overhead for control and data writing is ∼ 1.7 seconds per scan; thus, repeated scans are acquired at a cadence of 8.5 seconds.
Calibration and data reduction
Detector response
Dark, bias, and non-linear characteristics of the detector response are calibrated using established methods. Dark and bias are removed by the subtraction of the average of a set of unilluminated frames acquired with the same exposure time. Unfortunately, the bias for the Virgo 2K exhibits some temporal fluctuations that manifest differently on its 16 output channels. This is a limitation imposed by the lack of correlated double sampling for this detector. For low illumination applications, e.g. off-limb observations, the fluctuations can be corrected by enforcing continuity of the bias level across different rows of the detector, but ondisk applications suffer from this artifact. We derive the non-linear response of the detector by measuring its photon response curve under various illumination conditions. This is done on a column by column basis as the readout mode of the detector leads to a variable gain during the column by column frame read. The detector also has a great number of randomly distributed bad pixels that are interpolated using nearest-neighbor averaging for correction.
IDL
R is a product of Exelis Visual Information Solutions, Inc., a subsidiary of Harris Corporation (Exelis VIS).
Flat-fielding
For the removal of pixel to pixel electronic and optical gain fluctuations, two sets of flat field observations are acquired: solar flatfields and lamp flatfields. Solar flatfields consist of a set of 50 full field scans (i.e. the same operation described in Section 2.2) acquired at a nominal position near solar disk center and away from any solar activity. During acquisition the telescope performs a smooth, continuously scanning, small amplitude random guide procedure that repoints the telescope away from the nominal flat field target position. This aids in the averaging of solar structures present in the solar flat field scans. Lamp flatfields are acquired by injecting a facility provided Quartz Tungsten Halogen lamp near the port No. 4 prime focus and with a matched focal ratio. Lamp flat fields do not contain the spectral lines that exist in the solar flatfield and thus facilitate their removal.
To construct the applied flatfield, an average solar flatfield field scan is first determined from the 50 acquired scans after the detector response has been corrected. For the narrowband imaging portion of the scan, this average serves as the applied flat field. For the spectral portion, we must remove the spectral lines prior to applying the flat to the data. The spectral lines are isolated from the narrowband filter profile by dividing by the average lamp flatfield; however, due to small deviations in the alignment of the lamp relative to the solar beam, the bandpass in the lamp flat is slightly shifted relative to the solar flat field. Before division, we use cross-correlation along each spectral row in each slit spectral image to derive a shift that is then applied to the lamp flat field profile to best match the profile shape in the solar flatfield. Then we extract the spectra from each individual slit and correct for the in-plane spectrograph-induced spectral line curvature by shifting each spectral row to align the positions of the spectral lines. The amplitude of the slit curvature is approximately 11 spectral pixels. The average spectrum along each slit is then used to remove the spectral lines from each spectrum of that slit in the original average solar flatfield scan. To do this, we reapply the slit curvature to the average spectrum for each spectral row and slit and apply it to the original solar flatfield scan directly by division. When the line-less flat field is applied to science data, the result is as shown in Figure 2 .
Spectral dispersion
The average flat-field spectrum along each slit (discussed above) is also used to determine the linear spectral dispersion and wavelength scale by measuring the line center positions of the Si I 10827.089Å and telluric H 2 O line at 10832.108 A as in Kuckein, Martínez Pillet, and Centeno (2012) . No corrections for orbital motions are applied. The measured spectral dispersion is on-average 120.117 mÅ pixel −1 ; though, there is a ±2.5% variation of the dispersion of the outer slits compared with the central slit on account of the variation of the effective littrow angle of each slit. In addition, the spectral bandpass shifts by ∼ 4.2Å across the 185 field of view due the pupil placement of the narrowband filter. While we do not measure the achieved spectral resolution, it is less than the theoretical resolving power for the system on account of limited focusing precision during alignment and unknown optical performance of available optics. While the data is scientifically important, any detailed spectral line profile measurements using this demonstration data must take into account the non-benign line spread function, which can be determined, e.g., by comparision of the flat field spectra with a high-quality spectral atlas.
Image-spectra angular coregistration
Angular registration of the slit-scanned spectral image and the narrowband image is facilitated by observations of a fixed frequency line grid target placed at the telescope's prime focus (see Figure 3) . First, the angular scale in each channel is determined by measuring the average line spacing in the acquired line grid observations and using the known plate scale of the telescope's prime focus (3.76 mm −1 ). For the spectral channel, only the image scale along the slit is determined, and we assume the line grid is orientated orthogonal to the slits. The measured narrowband channel image scale (p c ) is found to be 0.128 pixel −1 , while the spatial sampling along the slit in the spectral image (p λ ) is 0.153 pixel −1 . Next we coregister the two channels using scanned observations of the line grid target. Due to the fixed position of the slits relative to the detector, there exists a geometric mapping between pixels within the spectral images and corresponding detector pixels within the narrowband imaging channel. However, since the FSM's scanning direction is not strictly perpendicular to the slits and exhibits small variations in scan step width, the relationship between the scanreconstructed image and the narrowband image cannot directly be written via a polynomial or affine transformation. Rather we must correct for the FSM inhomogeneities prior to deriving the transformation.
The frames acquired by the imaging channel during an individual scan permit a calibration of the FSM motion. We represent the raw imaging channel coordinates as {u c , v c }, where 'c' stands for context, and write the set of n imaging frames as f c (u c , v c )| n , with n = 0, 1, . . . , 64. Similarly, we can represent the scan-reconstructed spectral image of the line grid (at pseudo-monochromatic wavelength λ) as f λ (u λ , v λ )| slit , where u λ is the step number coordinate (i.e., 0, 1, . . . , 64), v λ is the vertical axis pixel index, and slit denotes which slit is being registered. To correct for FSM motion, scalar translational alignment of the f c | n images relative to the center scan position image (f c | 32 ) are determined via cross-correlation. The average step size along the u c axis is∆ step = 1.46 pixels (0.187 ) while the average motion along the v c axis is assummed to be zero. Deviations from the average scanning motion as a function of n are given by {δu c , δv c }| n .
FSM motion inhomogeneities are corrected in the scan-reconstructed spectral images by remapping the coordinates of f λ using the FSM scanning deviations {δu c , δv c }| n . The transformed image f λ (u λ , v λ ) uses mapping functions given by u λ = u λ − δu c | u λ /∆ step and v λ = v λ + δv c | u λ · (p c /p λ ). Note u λ and n are equivalent variables and that the sign of the second term relates to the relative parity of the two instrument channels.
A transformation is next derived between the FSM motion corrected scanreconstructed spectral image f λ and the center scan position imaging channel image (f c | 32 ) via cross-correlation and first order polynomial mapping functions (i.e., rotation, scaling, and translation). Writing the transformed spectral image as g λ (x c , y c ), the mapping functions are given by x c = N i=0 N j=0 P ij u λ v lambda and y c = N i=0 N j=0 Q ij u λ v lambda . We use the auto align images.pro routine available in the Solar Software (SSW: Freeland and Handy, 1998) IDL distribution to optimize this transformation.
The two transformations discussed above provide a mapping between the slit image coordinates u λ , v λ and the imaging channel coordinates u c , v c for each spectrograph slit. Using these mappings, the location of the slits relative to the narrowband image acquired at the center FSM position is shown in Figure 3 . Note that the spectrograph slits cover approx 30 more field in the Y direction than the imaging channel. In the subsequent analysis below, we ignore this portion of the field.
Seeing compensation
Careful registration between the spectral and imaging channels facilitates compensation of differential sub-field image motion introduced by atmospheric seeing in each spectral data cube. This zeroth order distortion is actively mitigated by the HOAO system; however, the HOAO system operates at visible wavelengths and corrects well only over a small isoplanatic patch (< 10 ). Post-facto destretching algorithms (November and Simon, 1988; Rimmele, 1994) are often used to compensate residual displacements within imaging data sets, and have been applied to single-slit spectral data by Johanneson et al. (1992) . These algorithms compute local sub-field correlations of subsequent images relative to a reference frame and then interpolate each frame to a uniform spatial grid. In order to freeze the seeing distortion during the exposure, integration times need to be short compared to the seeing correlation time (τ 0 ∼ = r 0 /v, where r 0 is the Fried parameter and v is wind speed of the atmospheric turbulence layer, see, e.g., Rimmele and Marino (2011) ). r 0 scales as λ 6/5 , so there is an advantage to observing in the infrared. For typical observing conditions (r 0 @500nm = 10 cm; v = 10 m/s), the time constant at 1083 nm is ∼ 25 msec, roughly a factor of 4 shorter than our integration time of 105 ms, which is the shortest exposure length supported by the Virgo 2K detector.
We employ the destretch algorithms developed by Rimmele (1994) to determine the residual image displacements in the narrowband imaging channel image-set, i.e., f c (u c , v c )| n , and then apply these to the spectral data cube using the transformation parameters derived above. The imaging coordinates are first mapped to angular coordinates on the sky, ignoring sub-field motion. These coordinates, i.e., {x sky , y sky }, are related to {u c , v c } for each image, n, via the plate scale, the average FSM scanning step, the FSM deviations {δu c , δv c }| n , and two additional parameters {∆x c , ∆y c }| n corresponding to variations in the telescope tip/tilt or pointing control, which for on-disk targets under HOAO control are typically benign. After aligning the image-set f c |n with the primed sky coordinates, we produce a reference image from the running average of 30 consecutive images (3.15 seconds in duration). The destretching process then provides mapping arrays (see Figure 4) between the reference image, whose coordinates {x sky , y sky } are taken to represent the true solar scene, and the interim sky coordinates {x sky , y sky }. The destretching procedure uses an iterative approach with progressing smaller sub-field sizes (12 , 8 ,and 4 ).
5 Following this step, we attain a complete set of transformation functions between the spectral data cube coordinates and the destretched angular coordinates.
Using the derived seeing-compensated image transformation mapping functions, we remap the calibrated spectral data cube into the corrected sky coordinates with the same angular scale as the context image (i.e., 0.128 pixel −1 ). As sub-field image motion results in an irregularly gridded set of coordinates; we first triangulate the transformed data coordinates using a Delaunay triangulation (Lee and Schachter, 1980) , and then linearly interpolate onto a regular grid using the triangulated coordinates.
6 This procedure can also identify voids in the corrected data coordinates in the event that residual image displacements are significantly larger than the image scale, e.g., during periods of bad seeing or poor HOAO performance. Figure 5 and its associated animation available in the electronic supplementary material (ESM) display observations acquired by the multi-slit imaging spectrograph between 21:25 and 22:20 UTC on 9 December 2015 that demonstrate the instrument's unique capabilities for wide-field imaging spectroscopy of the He I λ10830 triplet. The target is NOAA Active Region 12465 in the southern hemisphere and consists of a large leading sunspot and a smaller trailing multi-umbrae region. Solar north is directed toward the bottom left of the field as shown.The figure and its animation also show co-aligned photospheric magnetograms from SDO/HMI (Scherrer et al., 2012) and 304Å EUV images from SDO/AIA (Lemen et al., 2011) . The dynamics of NOAA AR 12465 in the chromosphere and lower corona are clearly evident in the animation, and, in addition, a portion of a filament eruption originating from the nearby NOAA AR 12464 is visible in both 304Å and He I λ10830 (see upper right of field between 21:45 and 22:20 UTC).
Results
The seeing-compensated continuum intensity and He I absorption maps derived from the spectral scans ( Figure 5 panels a and b) extend across the majority of the active region, which is an advantage of the relatively large field of view of this instrument, and exhibit improved image quality compared to the uncompensated slit-scan maps, which are compared in detail below for the two sub-regions in Figures 6 and 7 . In the continuum map, the evolutionary granulation pattern is evident in the quiet sun surrounding the sunspot in the continuum map. Although the map is not of diffraction-limited quality due to higher order seeing degradation, spatial dislocations introduced by seeing motion have been significantly minimized.
5 The same correction has been applied to off-limb targets; however, the correction typically can only support larger sub-field kernel sizes dependent upon available off-limb structure in the narrowband image. 6 The IDL R procedure TRIGRID is used for the interpolation. Example spectra extracted from the data cube along the dashed line in Figure 5 panels (a) and (b) are normalized by their continuum intensity and displayed in panel (e). These spectra are derived from 17 different long slits, each with its own slit curvature and small variation in dispersion; yet, the spectra exhibit continuity across the field of view. The bright feature in the middle of the image is introduced by the detector bias fluctuations discussed above, the negative impacts of which can also be seen in the animated spatial maps. The apparent He I velocity structure, and in particular large red-shifts at X = 55 , result from the strong dynamics of the upper atmosphere and signify the importance of He I imaging spectroscopy. Preliminary sequences of derived Dopplergrams, which are currently under investigation, feature large filament flows as well as quickly evolving fibril/spicule dynamics.
Observing conditions on 9 December 2015 were variable with high level cirrus clouds and often strongly turbulent atmospheric seeing. The example data shown Figure 6 . Comparison of the uncorrected and seeing-compensated data for Region 1 indentified in Figure 5 . From left to right, the plots show maps of the continuum intensity gleaned from the spectral data and corrected only for tip/tilt, the same maps corrected for tip/tilt and sub-field seeing motion, a mean context image acquired by the imaging channel of the instrument during the scan, the sub-field seeing corrected spectral maps of normalized He I line core intensity, and the same maps corrected only for tip/tilt. An animation is available in the ESM.
here consist of 373 field scans performed during the ∼ 55 minute time series. Subfield motion is significantly minimized by the compensation technique during periods of moderate seeing. However, when conditions degrade and the contrast of features in the context image decline, the seeing compensation technique does not perform well.
To demonstrate the improvements gained from the seeing compenstation technique, we compare the corrected and uncorrected maps of the two sub-regions identified in Figure 5 . Region 1 contains the multi-umbrae region of the regions's trailing polarity and is located approximately 70 away from the center of the field of view where the limited field of view adaptive optics system achieves its lock-point. For three consecutive field scans each separated by 8.5 seconds, Figure 6 shows maps of the continuum intensity gleaned from the spectral data and corrected only for tip/tilt 7 (i.e., panels a,f,k), the same maps corrected for tip/tilt and sub-field seeing motion (b,g,l), a mean context image acquired by the imaging channel of the instrument during the scan (c,h,m), the sub-field seeing corrected spectral maps of normalized He I line core intensity (d,i,n), and the same maps corrected only for tip/tilt. An animation is also available 7 Tip/tilt correction refers to the application of the values {∆xc, ∆yc}|n as defined in Section 3. Seeing-correction (or sub-field coorection) refers to the mapping between {x sky , y sky } and {x sky , y sky } provided by the destretching procedure and applied to the spectral data.
within the ESM. Away from the AO lock-point, the target field experiences large seeing-induced differential motion. In the tip/tilt corrected maps, this sub-field motion results primarily in a false jagged character of the scanned features (see region indicated by blue arrow). The corresponding seeing-compensated maps shows a significant improvement in spatial integrity as confirmed by the favorable comparison with the context narrowband image. Note that the context image in this region is slightly out of focus compared with the spectral map. As time progresses, the seeing variations introduce different distortions to the region (see a,f,k), which are in each case compensated by our technique (b,g,l) .
Likewise, spatial dislocations are significantly improved for the He I absorption maps, which is best illustrated by inspection of the chromospheric structure apparent in Region 2 as shown in detail within Figure 7 (and its assocated animation in the ESM). Low-lying chromospheric loops show smooth topologies in the seeing corrected maps (panels d,i,n) in contrast to the jagged structure apparent in the maps corrected only for tip/tilt (e,j,o) . See the features indicated by the arrows in the figure. Note that sub-region labeled "Region 2" does not contain significant photospheric structure other than granulation. Thus, the seeing-compensation technique primarily depends on quantifying the seeinginduced motion of the photospheric granulation for correction, and indeed the jagged structures in the tip/tilt corrected maps of continuum intensity (a,f,k) are considerably reduced in the seeing-corrected maps (b,g,l) . As low-lying chromospheric loops are associated with a presumably aligned magnetic field, they are generally expected to be smooth curvilinear structures. Magnetohydrodynamic (MHD) waves may induce transverse motions; however, for the loops shown in Figure 7 , it is clear that the atmospheric seeing has induced the jagged structure and not MHD waves. This emphasizes the importance of the seeing-compenstion technique to scientific interpretation in the chromosphere.
Discussion
The results of this work testify to the potential for using seeing-compensated massively multiplexed slit spectroscopy to achieve high-resolution observations of the solar atmosphere. In particular this instrument provides capabilities necessary for the study of dynamics over large regions in the upper atmosphere using the important He I triplet. Here we assess the instrument capabilities and compare these with Fabry-Perot (FP) based instruments. We also discuss prospects for the future development of image quality improved massively multiplexed spectrographs.
Performance limitations aside, given a non-evolving multidimensional data cube and an equal number of detector pixels, all imaging spectroscopy techniques are equivalent if they make efficient use of available detector pixels. With the introduction of time-variance in the data and technological limitations, various techniques have different advantages and disadvantages meaning cost and performance must be weighed against particular science objectives. In our case, the need for simultaneous high temporal resolution and large spectral coverage to capture dynamic phenomena, such as erupting filaments and coronal rain, finds advantages in multiplexed slit spectroscopy. As compared to etalon-based (i.e., Fabry-Perot (FP) based) instruments, the number of exposures per scan is not set by the number of spectral samples. Our instrument obtains 100 spectral samples over its field-of-view via a 65 exposure sequence. A conventional singlechannel solar FP instrument (see review by Kleint and Gandorfer, 2015) requires a minimum of 100 exposures to achieve the same spectral coverage. Assuming comparable throughput, our instrument can obtain a temporal cadence roughly a factor of 2 faster for the same signal-to-noise.
In addition to Doppler velocity coverage surrounding highly-resolved spectral lines, solar astronomy requires spectral diversity, that is, the observation of multiple spectral regions/lines. Our current measurements achieve spectral diversity via co-temporal visible light imaging spectroscopic observations provided by IBIS. However, for scientific cases requiring high-temporal cadence, e.g., temporally resolved observations of coronal rain (Schad, 2016) , we must limit the number of visible spectral lines observed by IBIS in order to achieve the requisite temporal resolution. Single-channel FP instruments can only observe different spectral lines in sequence, which limits spectral diversity for time-domain physics. While our multi-slit instrument only observes the spectral window near He I 1083 nm, grating-based spectrographs, including multiplexed designs, can more easily support simultaneous multi-spectral observations using a single dispersing optic (see., e.g., Jaeggli et al., 2010; Lin, 2014; Lin, 2016) .
This work has demonstrated that the spatial integrity of multiplexed imaging spectral data can be significantly improved via post-facto seeing-compensation, yet the achievable image quality of etalon-based instruments remains superior. However, a significant challenge for FP design in the era of large > 4 meter class solar telescopes is the required FP aperture. As discussed by Beckers (1998) , von der Lühe and Kentischer (2000) , and Kentischer et al. (2012) , the pupil apodization effect for FPs in a telecentric mounting configuration, which from the point of view of spatial resolution is preferred over the collimated mounting, introduces velocity errors that scale with the target contrast and the beam focal ratio incident of the FPs. Typical solar requirements for velocity errors (10s of m/sec) and field-of-view (∼> 50 ) consequently require very large FPs, i.e. clear apertures greater than 250 mm for a 4 meter telescope, which are extremely challenging to manufacture .
Existing technologies and design heritage likely make multiplexed diffractiongrating-based spectrographs more appealing and cost-effective for wide-field imaging spectrographs at large-aperture solar facilities if image quality can be improved. This is largely due to conventional commerically-available echelle gratings, with sizes typically as large at 300 x 400 mm, being able to provide sufficient resolving power for wide-field high-resolution spectroscopy at significantly reduced cost compared with etalons. Even so, spectrograph design remains challenging and throughput optimization and the need to ease optimal design for large-aperture systems with typically fast focal ratios and tight space envelopes spurs the need for larger gratings. Such optics have been previously constructed by mosaicing together conventional gratings (see., e.g., Pilachowski et al., 1995; Dekker et al., 2000) .
Both etalon and slit-based instruments are routinely used to conduct full Stokes polarized spectroscopy, which is an essential tool in remote sensing solar magnetic fields. The large light collecting area of large-aperture solar telescopes is in part motivated by the need for high polarimetric sensitivity and accuracy. Grating spectrographs must be carefully designed and calibrated in order to avoid errors caused by the well-known grating induced polarization discussed by Breckinridge (1971) . Meanwhile, for large focal ratios, Doerr, von der Lühe, and found that air gapped FPs have a fairly benign influence on polarization; though, polarization artifacts arise when FPs are used in faster optical beams. Typically, however, it is time-dependent systematics that limit polarization sensitivity, in particular polarized interference fringes (see Semel, 2003 , for review). Post-facto methods for fringe removal are more routinely used by slit-based instruments, as in Casini, Judge, and Schad (2012) ; however, as the spectral bandwidth is narrowed (as is the case for FP instruments), such methods become more challenging to implement.
Etalon and slit-based instruments both require scanning, or tuning, to build up a single observation of a multidimensional data cube. For science targets that evolve spatially and spectrally on shorter timescales than the scanning period, both instruments are limited. Only integral field unit (IFU) spectrographs, which simultaneously observe the spectral and two-dimensional spatial domains, overcome this limit. In solar physics, IFUs are challenging to build that achieve high spatial and spectral resolution over a significant field of view. Though, much progress has been made, and solar IFUs are currently being developed for a number of solar projects (Lin and Versteegh, 2006; Calcines et al., 2014; Schad et al., 2014; Suematsu et al., 2016) .
The advantage of the massively multiplexed spectrograph is its simple costefficient design. Yet, key to the success of slit-based imaging spectrographs for use in high spatial resolution investigations are methods to improve image quality as we have advanced here. Our results show that the spatial integrity of the data can be significantly improved post-facto. These results might be further improved by speckle reconstructing the context image quality instead of using a temporal average; however, to reach diffraction-limited quality, more advanced methods need to be pursued. The method of Keller and Johannesson (1995) offers one post-facto option, while multi-conjugate adaptive optics (Schmidt et al., 2017) may soon yield improved wide-field active correction that reduces the need for post-facto correction. In either case, high-performance large-format focal plane arrays with high speed readout are needed that can obtain the data within a time period shorter than the characteristic time scale of atmospheric seeing.
Summary
A seeing-compensated multi-slit imaging spectrograph has been advanced as a post-focus instrument and tested at the Dunn Solar Telescope in New Mexico, USA. This instrument furnishes the ability to observe chromospheric dynamics in the He I triplet at λ10830 at high resolution over a large field of view. Its use of simultaneous on-band context imaging permits post-facto improvement of the spatial image quality of slit-scanned spectral images. Schad (2016) recently used this instrument to investigate He I spectral intensity distribution of coronal rain, which is a phenomena that is difficult to target in a statistically meaningful manner without rapid large field spectroscopy that this instrument provides.
Such alternative approaches to seeing-compensated imaging spectroscopy, i.e., ones that do not require large tuning etalons or integral field units, may provide cost-effective solutions to multi-spectral observations at next-generation large-aperture telescopes, in particular at infrared wavelengths. Currently, the National Science Foundation's 4-meter aperture Daniel K. Inouye Solar Telescope (Rimmele et al., 2015) , is under construction in Maui, Hawai'i. It will provide dynamic imaging spectroscopy at visible wavelengths with a cutting edge etalon based instrument and at infrared wavelengths via an 80 × 60 field-point integral field unit (Lin and Versteegh, 2006; Schad et al., 2014) . Multi-slit spectroscopy, when paired with post-facto image quality improvements, offer an alternative means to achieve expanded high-resolution field coverage for multiple spectral lines simultaneously at rapid temporal cadences.
